This letter shows an experimental suppression of spatial instability in one-way open coupled Chua's circuits. A continuous-time version of the decentralized delayed feedback method is used for a suppression scheme. Furthermore, we confirm that the control method also succeeds in suppressing chaotic behavior in the coupled circuits.
Introduction
Controlling chaos has attracted a growing interest in the field of nonlinear science [Fradkov & Pogromsky, 1998; Chen & Dong, 1998 ]. Pyragas proposed a delayed feedback control (DFC) method [Pyragas, 1992] , which does not require a reference signal corresponding to the desired unstable periodic orbits. The DFC method has been widely applied to real systems, since it is a practical scheme for experimental situations [Chen & Dong, 1998 ]. In recent years, an increasing interest has been devoted to the study of spatiotemporal chaos and its control [Astakhov et al., 1995; Hu et al., 1997; Konishi et al., 1998 Konishi et al., , 2000a .
There has been some interest in a wide variety of complex spatiotemporal behavior of coupled map lattices (CMLs) [Kaneko, 1993] . The one-way open CML [Kaneko, 1985] is well known as a typical open flow model. In this CML the spatial instability was discovered by Kaneko [1985] , and it was examined in detail theoretically [Yamaguchi, 1997] and numerically [Willeboordse & Kaneko, 1995] . Recently, the mechanism of the instability in this CML was clarified by the H ∞ -norm concept, which plays important roles in the robust control theory [Konishi et al., 1999] . Konishi, Kokame and Hirata reported that the decentralized delayed feedback control (DDFC) method can stabilize chaotic behavior in a one-way open CML [Konishi et al., 1998 [Konishi et al., , 2000a . Imai et al. observed the instability in the electronic CML circuits, and demonstrated the suppression of the instability by the DDFC method [Imai et al., 2002] . Konishi et al. [2000b] verified that the mechanism of the spatial instability in the CML can be extended to continuoustime systems. The instability was observed in coupled diode resonator circuits [Johnson et al., 1995] and coupled Chua's circuits [Konishi et al., 2001] . Furthermore, it was reported that the LMI-based H ∞ control can suppress the instability in the oneway coupled Lorenz systems .
The present letter provides an experimental evidence for suppression of the spatial instability in a continuous-time system (i.e. the one-way open coupled Chua's circuit [Kapitaniak et al., 1994; Konishi et al., 2001] ). We adopt a continuous-time version of the DDFC method for suppression of the instability. In addition, it is shown that this method succeeds in suppressing chaotic behavior in the coupled circuits.
Spatial Instability
Let us consider one-way open coupled Chua's circuits illustrated in Fig. 1 [Kapitaniak et al., 1994] . The state equations for the circuits are as follows
for i = 1, 2, . . . , N. Each circuit consists of the nonlinear resistor N R , the linear resistor R, the inductor L, and the two capacitors C 1 and C 2 . The resistor R is used as a system parameter. The voltages across C 1 , C 2 , and the current through L of the ith Chua's circuit are denoted by the state variables x If m 1 < −(1/R) < m 0 is satisfied, there coexist the three fixed points in each circuit. In this letter, for the purpose of simplicity, we focus on the homogeneous solution,
One-way open coupled Chua's circuits with controllers. The symbol C represents the delayed feedback controller.
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where
The state z (i) (t) is a deviation from the fixed point P for the circuit i. We remark that system (3) has input z (i−1) 2 (t) and output z 
The symbol L denotes the Laplace transform function. The input-output relation of system (4) is given by
(s). The transfer function, described by
represents the input-output relation, where
Now, we introduce the spatiotemporal stability based on the H ∞ -norm of G(s) [Konishi et al., 2000b] .
Definition 1 [Konishi et al., 2000b] . The spatiotemporal stability of homogeneous solution (2) of system (1) [Konishi et al., 1998 [Konishi et al., , 2000b [Konishi et al., , 2001 ].
Suppression of Spatial Instability
The spatial instability and chaotic behavior in real open flow systems are undesirable phenomena from an engineering viewpoint; therefore, it would be necessary to eliminate them. In this section we propose a method to suppress the spatial instability. From Definition 1, we notice that the spatial instability never occurs when the homogeneous solution is TSS (i.e. G(s) is stable and the H ∞ -norm of G(s) is less than 1). In order to suppress the spatial instability, we add the DFC-based controller to every circuit. The control signal u (i) (t) is added to the capacitor C 2 at the circuit i as a feedback current (see Fig. 1 ). Thus, we have the state equations of the controlled circuit,
The control signal u (i) (t) is proportional to the difference between the past x (i) 2 (t − T ) and current x (i) 2 (t) voltages:
The gain of u (i) (t) can be varied by the resistance R u , and T is the delay time. The procedure mentioned in the previous section allows us to obtain the input-output relation of controlled circuit (6),
(s). The transfer function is described by
If the gain resistance R u and the delay time T satisfy
(1) G(s) is stable, (2) H ∞ -norm of G(s) is less than 1, then we can suppress the spatial instability. The design of the gain and the delay time can be considered as a DFC-based H ∞ control problem. Unfortunately, the robust control theory cannot give us an answer to this problem at the present stage. In other words, there is no systematic procedure for design of the feedback gain and the delay time. There is room for further investigation in the field of control theory.
Experimental Results
This section explains how to realize the one-way open coupled Chua's circuits and the controllers by electronic devices. We then show an experimental suppression of the spatial instability and chaotic behavior in the coupled circuits. Throughout this letter the circuit parameters are fixed as follows:
Implementation
We implement the circuits and the controllers by electronic devices as illustrated in Fig. 1 . The opamps TL084 are used for the voltage buffer and the nonlinear resistor N R . This resistor N R can be realized by two op-amps and six linear resistors [Kennedy, 1994] . The real inductors inevitably have an inner resistance; therefore, in order to realize the ideal inductor, we employ the impedance converter which is given byŻ L = jω(C 4 R 1 R 3 R 5 /R 2 ) (see Fig. 2 ). The parameters are set to
, and R 5 = 2.0 [kΩ], then we obtain the impedanceŻ L = jω200 × 10 −3 , which is equivalent to the ideal inductor L = 200 [mH] . Figure 3 illustrates the delayed feedback controller. The circuit state x Fig. 2 . Impedance converter. in the range from 1.98 to 166.40 [msec] by changing the frequency of an external clock generator. The feedback gain in Eq. (7) can be set by the resistor R u . The control signal u (i) (t) is output from the ith controller as a current signal.
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Suppression of spatial instability and chaos
We consider coupled system (1) without control for a parameter set (R, r) = (1.92 [kΩ], 5.15 [kΩ] ), and check the spatiotemporal stability by a systematic procedure previously proposed in [Konishi et al., 2001] . The gain |G(jω)| is plotted against the frequency f = ω/2π in Fig. 4(a) ; it is confirmed that the peak gain, that is the H ∞ -norm of G(s), is greater than 1. This result shows that homogeneous solution (2) of coupled system (1) is TSSU for this parameter set. In Fig. 4(b) it is shown that the amplitude of oscillation increases with an increase in the number of circuits. This amplitude increase is the spatial instability phenomenon. We then try to suppress the spatial instability. The gain resistor and the delay time of the controller are set to R u = 2.0 [kΩ] and T = 3.96 [msec], respectively. In Fig. 4(a) the gain diagram of G(jω) is plotted by the broken line: we remark that the peak gain is less than 1. According to the stability check, this result implies that we can make homogeneous solution (2) become TSS by the delayed feedback controller. Now, the controller in Fig. 3 is added to every circuit as shown in Fig. 1. Figure 4(c) shows behavior of the controlled circuits; the trajectories of all the circuits converge on the fixed point P. From this result it may be stated that our controller succeeds in suppressing the spatial instability in the coupled circuits.
In addition, we try to stabilize chaotic behavior in TU regime by the same control method. Figure 5(b) is the gain diagram of G(jω); we notice that solution (2) will become TSS by the delayed feedback controller. The controlled circuit behavior shown in Fig. 5(c) suggests that our control method can also stabilize chaotic trajectories onto the fixed point P.
Conclusion
In this letter, we proposed the decentralized delayed feedback controller to suppress the spatial instability in the one-way open coupled Chua's circuits. Electronic devices realized the coupled circuits and controllers. It has been shown experimentally that our controller can suppress the spatial instability and chaotic behavior in the coupled circuits.
